Experimental data for anthracene-argon van der Waals complexes are presented as a function of bound argon atoms. The results are interpreted by a new theoretical model which is based on the Hartree-Fock method and can explain molecular physical properties in the transition region from isolated gaseous molecules to the condensed phase.
INTRODUCTION
The major application of supersonic jet spectroscopy has been the investigation of ultracold, isolated molecules, van der Waals (vdW) complexes and clusters. The jet very effectively produces weakly bound species because of low internal temperatures attained and the relatively collisionfree flow which exists sufficiently far downstream from the nozzle. As a result a large variety of complexes can be studied, e.g., complexes between minor constituents and the carder gas, or between the minor constituents themselves, or between different minor constituents with or without added carder gas molecules, or between carder gas molecules themselves. An important aspect is that the size of the complex can easily be varied by 60 K. GODZIK ET AL. changing the experimental conditions. In this way it is possible to change stepwise from the gaseous isolated molecule to a larger and larger complex which finally closely resembles the condensed state. One has thus a unique method to study the transition from the microscopic to the macroscopic properties of matter. This method will certainly reveal many new facets about intermolecular interactions heretofore unstudiable. In the case of a guest molecule imbedded in host molecules one has the further advantage that the physical properties of the complex can be monitored by probing the guest molecule. Spectral shifts, linewidths, fluorescence lifetimes or ionization potentials of the guest molecule can be used, for example, to investigate the cluster properties. Along with these advances in experimental technique it was felt that a theoretical description is needed which is able to explain the photophysical properties in the transition region between microscopic and macroscopic behavior.
The purpose of this paper is two-fold. One is to report some recent experimental results on the photophysical properties of vdW complexes and the other is to present a theoretical treatment of the effect of formation of vdW complexes on these properties.
From studies of complexes MA,, (where M represents an aromatic molecule and A an inert-gas atom) with a low number of bound inert-gas atoms, direct information on nearest-neighbor interactions should be accessible, whilst as the experimental conditions are modified to increase the number of bound atoms, one may leave the regime characteristic of isolated gaseous molecules and approach the conditions more closely associated with inter-gas matrix studies.
EXPERIMENTAL
The system used and the experimental procedure were identical to that described earlier. 6, 11 Briefly, the ultraviolet radiation used for the fluorescence excitation was generated by mixing the infrared fundamental of a NdYAG laser (Quanta Ray DCR-1A) with the tunable laser radiation of the YAG-pumped dye laser (Quanta Ray PDL-1) using coumarin 540A (Lambda Physics). The anthracene used was heated in a home-built heated cell and the vapor introduced into the argon carder gas stream. The fluorescence signal measured was normalized to the laser intensity for each shot, and ten to fifty such measurements were then averaged for each spectral point.
The fluorescence excitation spectrum of anthracene with argon carder gas is shown in Figure 1 for four different stagnation pressures. Note that the intensity scale is about five times more sensitive for the complex peaks to the red of the 0-0 transition. The intensities of the complex peaks are given in Table I 
where n is the number of argons bound, l,.et the relative intensity of the peak, the individual peak, Ai a pressure-independent intensity factor which accounts for differences in absorption cross-section, fluorescence quantum yield, the thermodynamic and kinetic probability of the complex being formed, etc., P the stagnation pressure of the carrier gas, and et the overall The relationship uses the stagnation gas pressure, which may not be valid for the pulsed nozzle arrangement employed. Instead, a pressure gradient might be established after the nozzle opens, which would alter the actual pressure in the cooling region of the jet. Also, there is a broad background underlying the resolved complex peaks, which leads to some error in determining the peak intensities. Both of these could give systematic errors in the slopes. In addition, there is undoubtedly an error resulting from the small number of points (two or three) for each plot. While this could easily cause the fluctuations in the slopes, it is not an explanation for such small slopes, with the steepest not close to one for the two better fits of the data.
In short, the results from pressure dependence and spectral shifts seem consistent, up to about n 5, but the value of ot 1/2 is difficult to explain mechanistically.
Comparing the n values to the spectral shifts, we see a series for n 64 K. GODZIK ET AL.
0, 1, 2, and 3 with spacings of about 32 cm -1 (peaks 0-0, 1, 2, and j). Since anthracene has three rings, this could represent the binding of 0 to 3 argons, no two of which are on the same ring. This series seems to quit at n 3. It is possible to find other series, such as j', i, g, f' or f, e, d', c, b, a, both with spacings of about 30 cm-1, but these are always a mixture of the stronger peaks and the weak peaks or shoulders. Thus, they are more likely coincidences rather than true series.
THEORY
To study the effect of formation of van der Waals complexes on the spectral shift and ionization potential, we shall employ the Hartree-Fock molecular orbital theory as a preliminary attempt to treat this problem. The effect of electron correlation will be considered in future studies.
The ground state of van der Waals complexes MAn will be assumed to be closed-shell. Since the interaction between M and A is weak, the molecular orbitals, i can still be classified as those belonging to M, (M), and those belonging to A's, (A). According to the H-F theory, the total energy E can be expressed as 2 where e is the orbital energy, Ju, the Coulomb integral and Ku, the exchange integral. Now we are ready to treat the effect of formation of van der Waals complexes on the spectroscopic properties. In the lowest order of approximation, we may expect this effect to originate from ei and/or Ia. Notice that for example (3) (4) (5) (6) (7) (8) (9) where ei(M) denotes the orbital energy for the i-th MO belonging to M. Next we consider the case of large n values; in this case except for a small number of adsorbed A's in the first several layers of MAn, the remaining adsorbed A's in MAn can be described by a distribution function gia(r). That is, E(n)i--,a--AEd(n)i--,a q-AE(n) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) where Ea(n)i-,a n[AE(a) Ai Here for simplicity it is assumed that besides n, na,.., the adsorbed A's are continuously distributed between ro and R. Notice that p in Eq. From Eqs. (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) and (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) we can see that the measurement of the spectral shift or ionization potential as a function of cluster size n in MAn can be used as a probe to study the molecular dynamics of clusters. [2] [3] [4] [5] [6] [7] Investigations concerning the formation and properties of small clusters comprise an active area of research both experimentally and theoretically. To determine Ec(n)i--,a it is necessary to know gia(r), /a(/') and Ai(r).
For simplicity we shall assume a random distribution for gia(r), i.e., gia(r)
4"rrr2. From Eq. (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) and we will also have n n.
It should be noted that in the above discussion of the size dependence_ of the spectral shift MA,, for simplicity a random distribution function has been employed for the radial distribution function ga(r). For a given interaction potential function the radial distribution function can be determined not only for an extended system but also for small clusters. 3 The effect of the number of bound A's in MA. on the ionization potential due to the vdW complex formation can be treated similarly by using Eq. (3) (4) (5) (6) (7) (8) so its treatment will not be given here. It should be noted that, in this case, as n in MA approaches the macroscopic value, the mechanism of photoionization may not be the same as that for small n.
DISCUSSION
In Section 3, we have presented a theory of the effect of vdW complex formation on spectroscopic properties. In this section we shall apply the theory to our experimental results and the experimental results of others.
Beck et al. 2 have measured the fluorescence excitation spectra of benzene and benzene-helium vdW complexes. The ionization potential of (H2S)n + as a function of n has been reported. From Eq. (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) we can see that the spectral shift (or ionization potential) for large clusters can be separated into the discrete part AEa(n)o and the continuous part c(n)i-.a. For a macroscopic size of MAn, the discrete contribution zkE, a(n)._,a is usually less than 10% of the continuous contribution lkEc(n)i--,a; that is the reason that the conventional theory of solvent effects on molecular electronic spectra applies.
In concluding this paper, it should be noted that for MAn, the spectral shift for i-->a and the shift of ionization potential for the ionization from the i-th MO are given by zE,(n)i-a Ae(n) Aei(n) and Al(n)i Ae(n), respectively. Thus from the combined determination of AE(n)o and Al(n) we can determine both AEi(n) and Aea(n). These quantities are particularly important for n 1, i.e., for MA, because they represent the interaction energy between an electron in a particular MO of M and A. 
